To determine the relationship between BMI and Medicare expenditure for adults 65-years and older and determine whether this relationship changes after accounting for misclassification due to age-related height loss. Using a cross-sectional study design, the relationship between BMI and fee-for-service Medicare expenditure was examined among beneficiaries who completed the Medicare Current Beneficiary Survey (MCBS) in 2002, were not enrolled in Medicare Health Maintenance Organization, had a self-reported height and weight, and were 65 and older (n = 7,706). Subjects were classified as underweight, normal weight, overweight, obese (obese I), and severely obese (obese II/III). To adjust BMI for the artifactual increase associated with age-related height loss, the reported height was transformed by adding the sex-specific age-associated height loss to the reported height in MCBS. The main outcome variable was total Medicare expenditure. There was a significant U-shaped pattern between unadjusted BMI and Medicare expenditure: underweight $4,581 (P < 0.0003), normal weight $3,744 (P < 0.0000), overweight $3,115 (reference), obese I $3,686 (P < 0.0039), and obese II/III $4,386 (P < 0.0000). This pattern persisted after accounting for height loss: underweight $4,640 (P < 0.0000), normal weight $3,451 (P < 0.0507), overweight $3,165 (reference), obese I $3,915 (P < 0.0010), and obese II/III $4,385 (P < 0.0004) compared to overweight. In older adults, minimal cost is not found at "normal" BMI, but rather in overweight subjects with higher spending in the obese and underweight categories. Adjusting for loss-of-height with aging had little affect on cost estimates.
INTRODUCTION
Obesity is a growing health problem in the United States (1) . The prevalence of obesity among adult men and women in the United States was 32.3 and 35.5% in 2007-2008 (2) . The prevalence in adults 60-years and older is expected to reach 37.4% by 2010 (3) . The increasing prevalence of obesity has been attributed to various lifestyle factors (4) . In older adults, obesity is associated with an increased prevalence of chronic health conditions such as diabetes, heart disease, and hypertension (5) (6) (7) . The health consequences of obesity have led to an increase in health-care costs.
The relationship between obesity and health-care costs has been explored in several ways. The impact of obesity on total health-care costs (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) has been studied as has the per capita and total medical spending attributable to overweight and obesity (8) (9) (10) . The association between BMI and health-care expenditures across a broad range of BMI values has been studied (11) (12) (13) (14) (15) (16) (17) as has the association between BMI and health-care utilization (6, 18, 19) . While the estimates reported in these studies vary, generally, higher BMI has been found to be associated with higher cost. The association of higher costs with higher BMI also has been found in older adults (20, 21) . Although higher BMI values are associated with higher spending, the true relation in older adults may be confounded by the fact that loss-of-height with aging can artificially increase BMI without any true increase in relative adiposity (22) .
BMI, defined as weight/height 2 (kg/m 2 ), is a measure of obesity in epidemiologic and economic studies. The rationale for its use is based on its correlation with total body fat (22) . Body fat cannot be easily measured directly so other measurements such as BMI, waist circumference, waist/hip ratio, and skin-fold thickness are used to estimate body fat (23) . Researchers have used BMI in studies designed to determine the association between obesity and health risk. Because body composition changes with age, BMI may not have the same meaning for older and younger adults. Several studies have explored BMI as a risk factor for disease in older adults (24) (25) (26) .
In older adults, height is lost as a result of loss of vertebral bone mineral density, which leads to compression and fracture of vertebral bodies and scoliotic changes in the spine. Degeneration of the intervertebral disks can also lead to loss-of-height (27, 28) . Collectively these changes artifactually increase BMI without any true changes in adiposity. Height is lost during aging in both men and women (28) (29) (30) (31) ; the rate of decrease is greater for women than for men (28) (29) (30) . As a result of the loss in height, BMI as an index of adiposity is likely to be overestimated in older adults (31) . The height lost with aging increases BMI because the denominator in the equation used to calculate BMI (weight/height 2 ) is decreased. As a result, BMI could have different meanings for adults at different ages without any significant changes in adiposity or fat-free mass. Therefore, careful interpretation of healthcare expenditure attributable to obesity and obesity-related medical conditions based on BMI measurement in older adults is warranted (28, 29, 31) .
The aims of this study were to determine the relationship between BMI and Medicare expenditure for beneficiaries 65-years and older (including determining if the shape of the BMI-cost function is linear or "U"-shaped), to see whether the relationship persisted after accounting for the error in estimating body fat with BMI due to loss in height, and to access the influence of a number of factors on the cost of health care.
METHODS AND PROCEDURES

Data source
The data used in this analysis are from the 2002 Medicare Current Beneficiary Survey's (MCBS) cost and use file. The MCBS is a continuous longitudinal panel survey of a representative national sample of the Medicare population. A random sample of >12,000 beneficiaries, aged and disabled, living in the community and in an institutional settings are sampled from Medicare enrollment files and surveyed three times a year. Data from the MCBS are reported in two files, Access to Care and, Cost and Use. The Access to Care file, contains information on beneficiaries' access to health care, satisfaction with care, and usual source of care. It is released within a year of the survey. The Cost and Use file, released within 2 years of the survey, links Medicare claims to survey-reported data including the recipient's health status, and demographic characteristics. The file provides complete expenditure and source of payment data on all health-care services, including those not covered by Medicare.
Study population
We performed a cross-sectional study of the relationship between BMI and Medicare expenditure among beneficiaries age 65 and older who completed the MCBS in 2002 and were not enrolled in a Medicare Health Maintenance Organization, a total of 8,132 subjects. Beneficiaries enrolled in Medicare Health Maintenance Organizations were excluded because their plans do not report Medicare diagnosis claims. The data we used summarizes the cost data obtained from each beneficiary over the course of the year the beneficiary participated in the MCBS study.
Of the 8,132 subjects, 106 were excluded because their BMI could not be computed (missing either height or weight) leaving 8,026 subjects. Twelve subjects had nonphysiologic or highly unlikely BMIs (1.7-12.9 kg/m 2 ). Six of these appeared to be transcription errors (subjects whose height equaled their weight). All 12 subjects were deleted leaving 8,014 subjects. Three hundred and seven subjects were deleted due to missing race (9) , smoking status (206), education (122), or marital status (13) leaving 7,707 subjects. (The sum, 350, is larger than the total deleted, 307, as 33 subjects were missing more than one variable.) After performing initial analyses, one subject was found to have an extreme value for Cook's D (a measure of the influence an individual observation has on a model's coefficients), a value that was more than five times larger than any other subject's Cook's D. The subject had the highest annual Medicare cost $327,870. The subject was excluded, leaving 7,706 subjects, and the analyses were re-run. A comparison of the analyses with and without the subject revealed that the subject changed estimated cost in the five-BMI categories 0.3, 1.7, 2.4, −2.6, and 1.9% respectively. We present results without this subject. In total 426 of the original 8,132 subjects (5.2%) were excluded from our analyses leaving a study population of 7,706 subjects.
Study measures
The dependent variable in our analyses was total Medicare expenditure, which included reimbursement for in-patient and outpatient hospital, skilled nursing facility, home health, hospice, durable medical equipment and physician/supplier. Because our analysis focused on Medicare as a payer of health care, only those payments made to health-care providers were included in the dependent variable and not beneficiaries' cost-sharing expenses.
Self-reported height and weight were used to compute the BMI. BMI was categorized using cut-points recommended by the National Heart, Lung, and Blood Institute (32) . Subjects were classified as underweight (BMI <18.5 kg/m 2 ), normal weight (BMI 18.5-24.9 kg/m 2 ), overweight (BMI 25.0-29.9 kg/m 2 ), obese I (BMI 30.0-34.9 kg/m 2 ), and obese II/III (BMI ≥ 35.0 kg/m 2 ) (31). Because of the small sample size in the two upper categories of BMI (obese II 35.0-39.9 and obese III ≥40kg/m 2 ), the two categories were collapsed (obese II/ III) in our analysis. Overweight subjects were used as the reference group. To adjust for the artifactual increase in BMI associated with height loss, each subject's height from the MCBS was corrected by adding the sex-specific loss-of-height reported by Sorkin et al.: (29) 1. Cumulative loss-of-height in men from age 20
2.
Cumulative loss-of-height in women from age 20
In these formulae, a negative value indicates cumulative height loss, a positive value, height gain. We added the constant terms −1.68 and −2.37 to the equations reported by Sorkin et al. so that height change at age 20 is zero.
In addition to BMI, several other predictors of health care usage were included in the equation used to model Medicare expenditure. These included: (i) age entered in 5-year age group: 65-69 (reference group), 70-74, 75-79, 80-84, and 85-106; (ii) race/ethnicity: white (reference), black, other (consisted of more than one race, other, Pacific Islander Asian, and, American Indian); (iii) sex: male (reference), female; (iv) marital status: married (reference), not married (widowed, divorced, separated, never married); (v) education: some high school or less (reference), high school diploma, postsecondary (vocational, technical, or business training, and some college), college or beyond; (vi) income: 0-14,999 (reference), 15,000-29,999, 30,000-44,999, 45,000-3,100,100; (vii) private insurance: no private insurance (reference), private insurance (employer purchase, self-purchase, employer, and selfpurchase); (viii) Medicaid coverage: no (reference), yes; and (ix) smoking status: never (reference), former, current. Smoking status was included to account for smoking's affect on health-care costs and obesity (19) .
Statistical model
We used a generalized linear model (gamma error distribution, log link, see below) to determine the relation between BMI and Medicare expenditures. Two models were used, one in which observed BMI was used, the second in which observed BMI was corrected for loss-of-height with aging. The outcome variable in both models was annual Medicare cost. The models were adjusted for the explanatory variables mentioned above. To allow inclusion of 538 subjects with zero Medicare cost (a GLM with a gamma distribution and log link requires the outcome variable to be >0), costs of $0 were recoded to $1.
To more precisely identify the BMI associated with minimum cost, the two models described above were included in a bootstrap analysis in which the categorical BMI variable was replaced by BMI and its square as continuous variables. In the first model, BMI was uncorrected for loss-of-height with aging, and in the second model BMI was corrected for loss-of-height with aging. Age was entered in the models as a continuous variable as was the natural logarithm of income. Five thousand bootstraps samples were generated by selecting with replacement from the original 7,706 subjects. Both models (BMI corrected and uncorrected) were run on each bootstrap sample and the BMI at minimum cost was computed by solving for the BMI at which the partial first derivative with respect to BMI of each model was equal to zero. The mean values of the minima and their SE's were used in a Student's t-test to compare the minima from the adjusted and unadjusted models.
A general linear model allows the selection of a "family" describing the distribution of the model's unexplained variance (i.e., error) from a series of distributions and a link function associating the expected value of the dependent variable with the independent variables. We used the Modified Park test (33, 34) to select the distribution that best fit our data. The Park test (λ = 1.9) indicated that the gamma distribution was appropriate. As is customary, we used a log link to account for the skewed distribution of health expenditures (34, 35) . We estimated two models, one with uncorrected BMI and a second with BMI corrected for agerelated height loss. SAS version 9.2 and R version 2.9.0 were used to analyze the data. Costs are reported adjusted for all the independent variables listed in Table 3 .
RESULTS
Demographic characteristics of our 7,706 subjects are presented in Table 1 . Our population had a mean age of 77.3 ± 7.75 (mean ± s.d.) range 65-106 years, mean BMI (uncorrected for loss-of-height) 26.3 ± 5.14 kg/m 2 range 13.3-56.3.
In young and middle-aged men and women the loss-of-height with aging has little affect on the observed BMI; predictably the largest affect occurs in older adults (Figure 1 ). For age 20-90, the increase in men is ~2.3 kg/m 2 , in women almost 3.0 kg/m 2 . The lines were plotted for a man whose height and weight are the average of our 3,196 men (BMI 26.5 kg/ m 2 , height 69.2 inches, weight 181 lb, 176 cm, 82.3 kg), and for a women whose height and weight are the average of 4,510 women (26.2 kg/m 2 , height 63.2 inches, weight 148 lb, 161 cm, 67.3 kg). The BMI adjustment changed the proportion of beneficiaries classified in the various BMI ranges ( Table 2 ). As expected, across all BMI categories, some beneficiaries were reclassified from a higher BMI to a lower one.
The multiply adjusted associations between BMI category and Medicare expenditure are shown in Table 3 and Figure 2 . The difference in the cost estimates presented in the table and the figure are due to the different values chosen for the various effects (see table footer and figure caption for effects used, and material in discussion section below). Medicare expense in the five-BMI groups computed using BMI both uncorrected and corrected for loss-of-height showed a U-shaped relationship with lowest cost in the overweight group. In the analyses, which were adjusted for all the variables listed in Table 3 , the highest Medicare spending was for beneficiaries classified as underweight and severely obese (obese II/III). In the uncorrected analyses (Table 3) , spending in the underweight subjects was an average of $1,466 ($4,581-3,115), or 47% higher (Table 3, multiplier P < 0.0003) than that in overweight subjects. The values for normal, obese I, and obese II/III were $629 higher, 20% (P < 0.0000), $571, 18% (P < 0.0039), and $1,271, 41% (P < 0.0000). In the analyses corrected for loss-of-height spending in underweight subjects was an average of $1,475 ($4,640-3,165), 47% (P < 0.0000) more than overweight subjects. Values for normal, obese I, and obese II/III subjects were $286, 9% (P < 0.0507), $750, 24% (P < 0.0010), and $1,220, 39% (P < 0.0004).
The BMI at minimum cost in the multiply adjusted analyses uncorrected for loss-of-height with aging was 28.5 kg/m 2 (95% confidence interval 26.1-30.8). In the analyses corrected for loss-of-height the value was 27.6 kg/m 2 (25.2-30.1). The difference between the minima (0.87 kg/m 2 ) was not statistically significant, P < 0.60.
When entered in the multiple regression analyses as a continuous variable, cost increased with age at a rate of 1.0262 n (P < 0.0000) for an n year increase in age in the uncorrected analyses and 1.0256 n (P < 0.0000) in the corrected analyses. In addition to age (Table 3) cost was higher for former smokers than never smokers and for beneficiaries having either private insurance or Medicaid entitlement. Neither race nor marital status was related to cost. Cost did not drop consistently as educational achievement increased. Unexpectedly, cost was lowest in current smokers than any either of the other two smoking categories however, the difference between this group and never smokers was not statistically significant.
Importantly, there was no difference between the estimates produced by the model uncorrected or corrected for loss-of-height with aging (Table 3 , last column).
DISCUSSION
Our analyses show that the association between BMI and Medicare expenditure is not confounded by loss-of-height with aging. There were no statistically significant differences between the analyses corrected and uncorrected for loss-of-height with aging.
The relation between BMI and cost was U-shaped in both the corrected and uncorrected analyses, and the BMI at minimum cost was not in the "normal" BMI range but rather in the overweight range, and the confidence interval around the minima did not extend into the normal range. This finding parallels a number of studies in older adults that find BMI at minimum mortality to be above the normal BMI range or that show little or no increase in risk from normal to the overweight range (14, 24, 25) .
We are not the first group to find a "J"-or "U"-shaped relation between BMI and cost. Wang et al. (12) found elevated health-care cost at a BMI <22 kg/m 2 and >27 kg/m 2 in subjects mean age 53.6 years. Quesenberry et al. (7) examined cost in subjects with mean age 53 years and found increased cost >30 kg/m 2 with lowest cost in subjects whose BMI was 25.0-29.9 kg/m 2 but this last group's cost was not statistically lower than the reference group BMI 20-24.9 kg/m 2 . Thompson et al. (13) examined the cost of medical service in subjects with mean age of 48 years. Cost was significantly higher than the reference group (BMI 20-24.9 kg/m 2 ) in subjects whose BMI was ≥30 kg/m 2 and 25-25.9 kg/m 2 ; the elevated cost (1.10 times higher) in the 25-25.9 kg/m 2 group was not significant. Lakdawalla et al. (21) studied cost in subjects at age 70 and found a "U"-shaped relation. There was no significant difference in cost between overweight and normal-weight subjects. Thorpe et al. (9) studied subjects age 19 and older from 1987 and found significantly higher cost in underweight and obese subjects than normal-weight subjects. There was no significant difference in cost between normal and overweight subjects. In the 2001 data there was a "U"-shaped relation between cost and BMI. Cost was lowest in normal-weight subjects, higher in overweight subjects, and highest in obese subjects. All differences were statistically significant.
When evaluating studies of BMI and outcome, it is important to note that there is evidence that age can affect the relation between BMI outcome. As early as 1985 Andres showed provocative data suggesting that the BMI associated with lowest age-specific mortality increases with age in both men and women (36) . In light of this it may not be surprising that in our study of older Americans, mean age 77 years, we found the BMI at minimum cost was not in the "normal" BMI range but rather in the overweight range (25.0-29.9 kg/m 2 ). It remains to be determined whether the BMI at minimum cost increases with age just as the BMI associated with minimum mortality increases with age.
The equations we used to compute estimates of cumulative loss-of-height with age were derived from a comprehensive review of the world's literature (29) that identified 13 populations of men and 11 populations of women. We believe that our use of equations derived from a number of international populations provides the best possible basis for the inferences we report.
The cost estimates presented in our article are somewhat arbitrary. Estimates will vary based on the values chosen for each of the effects noted in Table 3 as can be seen by comparing Table 3 to Figure 2 . The values for the table and figure differ only in age 65-69 vs. 85-89, never vs. former smoker, income 0-$14,999 vs. 15-$29,000, and education, some high school or less vs. a high school diploma. Cost estimates uncorrected for loss-of-height for the five-BMI categories (underweight, normal, overweight, obese I, obese II/II) from Table  3 (gamma model with a log link) is a multiplicative rather than an additive model, the ratio of categories will be the same (4,581/3,115) = 1.47 (Table 3) is the same as (8,693/5,912) = 1.47 (Figure 2) , and similarly the SE's and P values associated with the ratios are the same. When comparing cost estimates from the literature, it is important to think about the model used to compute the estimates, the adjustments used in the model, and the values of the covariates used when computing estimates.
In our analyses, we have not adjusted for comorbid conditions as doing so may result in "over adjustment" and lead to incorrect inferences regarding the relation between a risk factor and outcome. As an example of over adjustment, let us posit that increased BMI leads to diabetes, that diabetes increases health-care cost, and fully half of BMI's effect on cost results from its bringing about diabetes. If one were to examine the relation between BMI and cost one would expect to find a significant relation. If on the other hand one were to adjust the analysis for diabetes, the effect of BMI on cost would be cut in half. This finding would not be because the true BMI effect is half that seen in the unadjusted analyses, but because half of BMI's affect works through diabetes.
We note several limitations of our study. First, we used self-reported height and weight. Second, we took into account the loss-of-height that occurs with aging and not other agerelated changes in body composition including the loss of fat-free mass and resultant changes in the partitioning of fat and fat-free mass that affect BMI as a predictor of obesity in older adults. Although loss of fat-free mass affects BMI as a measure of relative adiposity, when advising an older patient on best weight for height, the BMI used is based on the height and weight of the patient at the age at which they are seen. Thus current clinical guidelines are based on observed BMI (i.e., observed BMI without accounting for changes in body composition), and we need to study, as we did in our analyses of uncorrected BMI, the association between observed BMI and outcome.
We note that not all health-care costs are captured in our analyses, including those covered by Medicaid, private insurers, or out-of-pocket expenses paid by individuals and as a result our cost estimates may be somewhat conservative. Although we have not included these costs we see no reason why the relation between BMI and cost would be substantially modified if we had been able to include the costs.
The quadratic equations used to correct for height loss were based on population-based estimates and actual height loss will vary from person to person. The studies from which we derived equations describing loss-of-height with aging did not correlate longitudinal height data with medical records documenting vertebral fractures or osteoporosis. Thus the mechanism behind the height loss seen with aging in the studies can only be speculated upon.
Finally, the populations from which the estimates were computed were composed almost exclusively of white subjects (29) who were generally healthy and so the estimates of height loss with age may not be applicable to nonwhite populations. Work exploring the rate of loss-of-height with age in nonwhite populations and the relation between BMI and healthcare cost is needed as is an exploration of cost in older adults that in addition to Medicare including, Medicaid, private insurance, and self-pay cost.
Despite the limitations, this study provides important information about the relation between BMI and health-care cost. Of note minimal cost occurred not in the "normal" BMI range, but rather in the overweight range. This suggests that at least in older adults the "optimal" BMI may not be in the normal range. Finally, even though height is lost with aging, the error in cost estimates that occur when one fails to take height loss into account are very small and not statistically significant. Multiadjusted relation between Medicare expense and BMI uncorrected (solid red line) and corrected (dashed blue line) for loss-of-height with aging in 7,706 subjects age 65 and older, Medicare Beneficiary Survey 2002. The P values labeled "uncorrected" compare the cost estimates (uncorrected for loss-of-height with aging) to the cost for overweight subjects uncorrected for loss-of-height (labeled reference uncorrected), and similarly for the P values labeled "corrected." Error bars are 95% confidence intervals. See text for details. The figure is plotted for a 85-106 years old white male, former smoker, married, did not have private insurance, nor Medicaid coverage, whose income was in the 15-$29,000 range, and whose education consisted of a high school diploma. Classification of 7,706 subjects by BMI category before and after accounting for loss-of-height with aging Multiply adjusted estimated Medicare cost in 7,706 subjects age c Represents the ratio, within an effect of the cost associated each level to the cost of the effect's reference level.
